MicroRNA-7 (miR-7) is a non-coding RNA of 23-nucleotides that has been shown to act as a tumor suppressor in various cancers including breast cancer. Although there have been copious studies on the action mechanisms of miR-7, little is known about how the miR is controlled in the mammary cell. In this study, we performed a genome-wide expression analysis in miR-7-transfected MCF-10A breast cell line to explore the upstream regulators of miR-7. Analysis of the dysregulated target gene pool predicted hepatocyte growth factor (HGF) as the most plausible upstream regulator of miR-7. MiR-7 was upregulated in MCF-10A cells by HGF, and subsequently downregulated upon treatment with siRNA against HGF. However, the expression of HGF did not significantly change through either an upregulation or downregulation of miR-7 expression, suggesting that HGF acts upstream of miR-7. In addition, the target genes of miR-7, such as EGFR, KLF4, FAK, PAK1 and SET8, which are all known oncogenes, were downregulated in HGF-treated MCF-10A; in contrast, knocking down HGF recovered their expression. These results indicate that miR-7 mediates the activity of HGF to suppress oncogenic proteins, which inhibits the development of normal cells, at least MCF-10A, into cancerous cells.
. Hepatocyte growth factor (HGF) stimulates cell proliferation and differentiation of various cell types 12 . For example, the differentiation of bone mesenchymal stem cells (BMSCs) can be induced through HGF-activated NF-кB signaling 13 . In mouse and human mammary glands, HGF acts as a morphogenic factor in mammary epithelial cells, generating tubular branching and well-constructed lumina during differentiation and development 14 . Upregulation of HGF has been frequently observed in various cancers wherein higher expression of HGF is associated with poorer prognosis in cancer patients 15 . In contrast, the tumor suppressive functions of HGF in cancer is sparsely known. A recent study has indicated that an HGF-regulated tyrosine kinase substrate harboring tumor suppressive activity is regulated by HGF stimulation 16 . HGF binds to its only receptor, Met, and thereafter initiates a series of signaling pathways that include the activation of Erk1/2 and Wnt/β-catenin signaling, as well as the AKT pathway 17 .
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A few miRs have been identified to mediate the activity of HGF. One example is miR-124, which is downregulated in HGF-treated mesenchymal stem cells (MSC) 18 . MiR-124 downregulates Wnt/β-catenin signaling by targeting FZD4 and LRP6, thus suppressing the chemotactic migration of rat MSCs toward HGF. MiR-211 and miR-26b are also regulated by HGF in MSC, but are instead upregulated by HGF to activate PI3K/Akt signaling through targeting PTEN 19 . In renal cell carcinoma, miR-199a-3p inhibited HGF/c-Met signaling, which included the STAT3, mTOR and ERK1/2 pathways; however, whether miR-199a-3p itself is regulated by HGF has not yet been elucidated 20 . Albeit the battery of experimental results that investigate the biological functions of miR-7 and HGF in cancer cells, there are presently no reported association between them. In this study, we explored the target genes of miR-7, which then identified HGF as an upstream regulator of the miR. This observation was then supported by the downregulation of miR-7 after inhibition of HGF using siRNA in MCF-10A mammary cells. In addition, the expression profile of miR-7 target genes was examined after the upregulation or downregulation of HGF.
Results
MiR-7 affects genes involved in the cell cycle, cellular movement, cellular assembly and organization pathways. The tumor suppressive activities of miR-7 act through specific target genes, a few of which have been identified thus far. To comprehensively understand the regulatory mechanism through which miR-7 functions in breast tissues, we performed a genome-wide expression analysis in a mammary epithelial cell line, MCF-10A, after overexpressing miR-7 using a mimic miR. Among the 47000 probes on the Illumina Expression BeadChip, 343 genes satisfied our criteria with P < 0.05 and |fold change| ≥2 compared to the control miR-transfected cells. An Ingenuity Pathway Analysis was conducted on the gene set, which resulted in the "cell cycle, cellular movement, cellular assembly and organization" network with the highest confidence ( Fig. 1 and Table 1 ). Reassuringly, many genes that were previously identified as miR-7 targets appeared in the network, with an expression coincidence as previously claimed. In detail, MUC16, SLC2A5, SMAD6 and NCEH1 were downregulated by miR-7 and are known to possess oncogenic activities in breast cancer 21, 22 , as well as a few other cancers 23 . Notably, "Mitotic roles of polo-like kinase (PLK)" was identified as the most significant canonical pathway (Fig. 2) , which represents a highly conserved family of several serine/threonine kinases that regulate cell division, and are often overexpressed in tumors of various cancers 24 . In support of this, genes such as PAK1, FBXO5, CDK1 and KIF23, which directly or indirectly interact with PLK to regulate cell division, were observed to be dysregulated in the network (Fig. 1) 
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. In addition to the IPA, KEGG was also used for the pathway analysis, which identified "cell cycle"-related pathways as the top ones as like as the IPA (Supplementary Fig. S1 ).
HGF acts as an upstream regulator of miR-7. In order to investigate how miR-7 is modulated, we identified upstream regulators of the miR by performing an IPA's upstream regulator/mediator analysis of the 343 deregulated genes in the pool. Among 20 putative regulators, HGF had the highest activation z-score (Table 2) , with 32 genes affected when HGF was activated or inactivated (Supplementary Table S1 ). For example, SERPINE1, which was downregulated by miR-7 (2.5-fold decrease), is known to suppress HGF by activating the cleavage of HGF 26 . For the upregulated genes, TPX2 (2.8-fold increase) plays a critical role in the chromosome segregation machinery during mitosis and suppresses tumor cell growth 27 . The regulatory relationship between miR-7 and HGF was also investigated by examining the expression of HGF and miR-7 in 41 pairs of breast cancer and normal tissues. HGF showed an increased expression in cancer tissues compared to normal tissues, while miR-7 showed the opposite pattern, confirming the observations in previous studies (Fig. 3A,B) . Notably, comparing the expression between the two genes revealed a high positive association in the normal tissues (R 2 = 0.58, P < 0.01) but not in the cancer tissues (R 2 = 0.05, P < 0.05) (Fig. 3C,D) . When examined in a few other tissues including liver, head and neck, colon, and bladder, no remarkable association was found regardless normal or caner tissue ( Supplementary Fig. S2 ). These results imply that the association of HGF and miR-7 expression is stronger in normal tissues than in cancer tissues for breast and further that it is not a general phenomenon through body tissues.
HGF controls expression of MiR-7 and its target genes. Based on the results that HGF and miR-7
share many target genes in common and their expression is strongly associated in normal breast tissue, we examined the effects of HGF in a normal breast cell line, MCF-10A. First, the effect of HGF and miR-7 on cell proliferation was examined. As results, HGF alone increased the growth rate of the cell, while miR-7 mimic alone decreased the growth rate. When miR-7 mimic was co-treated with HGF, it deteriorated the growth-stimulation effect of HGF ( Supplementary Fig. S3 ). Next, we investigated the influence of HGF on the expression of miR-7 as well as its target genes such as FAK, PAK1, EGFR, KLF4 and SET8, which were all validated in our microarray assay, as well as in previous studies 5, [28] [29] [30] [31] . When MCF-10A cells were treated with 20 or 40 ng/ml HGF, a resulting The values are obtained by dividing the expression level in miR-7-overexpressed MCF-10A by that in MCF-10A.
SCIeNtIfIC RepoRts | 7: 15425 | DOI:10.1038/s41598-017-15846-z upregulation of miR-7 was observed (Fig. 4A) ; on the other hand, a downregulation of miR-7 was also observed when cells were treated with siRNA against HGF ( Fig. 4B and Supplementary Fig. S4A ). Both occasions showed a dose-dependent response.
To investigate whether the regulation of miR-7 by HGF functions in a feedback loop, we performed a pulse-chase experiment to check for HGF expression after miR-7 was either upregulated through mimic miR or downregulated through an inhibitor miR ( Supplementary Fig. S4B,C) . In both cases, no significant expression changes in HGF was observed, implying that there is no regulation of HGF by miR-7 (Fig. 4C,D) .
Five genes that are known to be direct targets of miR-7 were then selected, and the effect of HGF on their expression was monitored by qPCR. Treatment of HGF to MCF-10A cells resulted in a downregulation in all genes (Fig. 5A) . On the other hand, when HGF was inhibited by siRNA, an upregulation was observed in the The status of the regulator that results in the same expression profile of the target genes of miR-7 in the miR-7-overexpressing MCF-10A. expression of all genes except for SET8 (Fig. 5B) . Taken together, these results suggest that HGF downregulates cell proliferation-related genes by upregulating miR-7, which acts to suppress the cancer progression of normal breast cells.
Discussion
This study aimed to explore upstream regulators of miR-7, a microRNA that has shown tumor suppressor functions in many cancers including breast cancer. To accomplish this, we adopted a strategy wherein potential upstream regulators or mediators of miR-7 were identified by screening for commonly affected genes by miR-7 and its regulators. The potential regulators appeared in diverse subcellular locations, i.e., ligands such as HGF and VEGF, receptors on the cell membrane such as PTGER2, signaling kinases such as CDKN1A and CDKN2A, and transcription factors such as TP53 and MITF.
One remarkable characteristic of the identified potential regulators is sharing of the PI3K/AKT, MAPK, or JNK in common en route the signaling pathway. Especially, 13 genes including VEGF 32 , RARA 33 and ESR1 34 activate the signaling pathway by regulating MAPK. A previous study also identified TGF-β signaling to be responsible for miR-7 inhibition in the MCF-7 breast cancer cell line 35 . The regulatory pathways from ligands and/or receptors therefore become complicated, and the detailed pathway from HGF to miR-7 should be identified in a future study. A few of the potential mediators of miR-7 have already been known to affect or be affected by miR-7. MiR-7 was shown to be regulated by estrogen and to target signaling intermediates such as EGFR, IGF1R and IRS-2 36 . KLF4, a direct target of miR-7, acts on the VEGF promoter to induce its mRNA and protein levels. This miR-7-KLF4-VEGF signaling axis contributes to the regulation of angiogenesis in human umbilical vein endothelial cells 37 . Upregulation of miR-7 targeted genes implicated in the TP53 pathway, such as Ak1 and p21, also led to the controlled growth of cortical neural progenitors 38 . HGF triggers multiple signaling pathways, including the conventional PI3K/AKT and MAPK pathways, coupled with the Hic-5-reactive oxygen species (ROS)-c-jun-N-terminal kinase (JNK) cascade 39 . These signaling events eventually increase the expression of a group of genes such as N-cadherin, vimentin and Zeb1, which trigger metastatic changes including epithelial mesenchymal transition (EMT), enhancement of motility and the invasiveness of tumor cells 40 . The majority of target genes activated by HGF have pro-proliferation activities, while those suppressed by HGF have anti-proliferation activities. HGF, therefore, has been generally considered as an oncogenic growth factor. HGF also has specific roles associated with cell proliferation in normal cells, even though these are less well-known than its oncogenic roles. Previous studies indicate that HGF increased mammary epithelial cell proliferation by acting through the PI3K-including mitogenic pathway, which thus induced a tubulo-ductal morphological response 41 . In contrast to previous studies, the four selected oncogenes, EGFR, KLF4, FAK and PAK1 [42] [43] [44] [45] were downregulated by HGF in MCF-10A cells. Because our result suggest that the downregulation of the genes are mediated via miR-7, we speculate that HGF acts as a double-edged sword depending on cellular status or cell type. This idea is supported by the upregulation of miR-7 in the HGF-treated MCF-10A cells, and by the strong association between miR-7 and HGF expression in normal mammary tissues. There have also been previous studies indicating the tumor-suppressive activity of HGF by abrogating the oncogenic effects of c-Myc during early stages of liver carcinogenesis 46 , as well as enhancing the differentiation activity in mammary glands 14 and hepatocytes 13 . Therefore, during tumorigenesis, upregulated HGF would drive the expression of oncogenes, while in normal cells, miR-7 would mediate HGF to downregulate the same oncogenes. Recently, effective computational models such as PBMDA 47 , HGIMDA 48 , and RKNNMDA 49 have been constructed to identify disease-related miRNA biomarkers. These bioinformatics-based approaches should help to gain further insight into the molecular mechanisms of HGF and miR-7. In addition, dynamic feedback modeling 50 and Cancer Hallmark Network Framework 51 could give us an insight to better understand the feedback loop of miR-7 in breast cancer. (C and D) miR-7 was overexpressed using mimic miR or downregulated using an inhibitor miR. Twenty-four hours after treatment, the expression level of HGF was measured by qPCR. The expression levels of HGF and miR were normalized to GAPDH and U6 RNA, respectively. All experiments were performed in triplicate and indicated as mean ± SE. siNC, siRNA negative control; miNC, microRNA negative control.
Our genome-wide analysis revealed that a set of oncogenes was downregulated by miR-7, while many tumor suppressors were upregulated, supporting the tumor suppressive activity of miR-7. In addition, a group of genes that was not previously identified as targets of miR-7 was discovered to rank at the top of the network. For example, FAM83A (2.4-fold decrease) is an oncogene that activates CRAF/MAPK signaling and drives epithelial transformation 52 , while MUC16 (2.3-fold decrease) is a tumor marker that induces breast cancer cell proliferation by interacting with JAK2 21 . Whether these genes are directly regulated by miR-7, however, should be elucidated in a further study.
SET8, being different from other target genes of miR-7, was downregulated regardless of HGF overexpression or inhibition. This observation suggests the existence of other regulatory pathways in between HGF and SET8, which are independent of miR-7. SET8 is the sole protein lysine methyltransferase to monomethylate histone 4 lysine 20 (H4K20) and its function has been implicated in normal cell cycle progression and cancer metastasis 53 . Recently, a study revealed that miR-502 directly targets SET8 to suppress cell proliferation and cell cycle 54 . In conclusion, HGF was identified as an upstream regulator of miR-7 due to their sharing of a group of target genes that showed similar gene expression changes. These genes include oncogenes such as EGRF, KLF4, FAK and PAK1, which were downregulated by either HGF or miR-7. In addition, there seems to be no feedback regulation of HGF by miR-7. Because miR-7 acts as a tumor suppressor, the HGF/miR-7 pathway could potentially explain the tumor-suppressive effects of HGF in normal cells.
Materials and Methods
Cell culture and transfection. The normal epithelial breast cell line MCF-10A was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in MEBM basal medium (Lonza, Basel, Switzerland) supplemented with the MEGM Single Quot Kit (Lonza) and cholera toxin (List Biological Labs, Campbell, CA) under a humid environment with 5% CO 2 at 37 °C. MiR-7-5p mimic, control miR (miNC), miR-7-5p inhibitor, control inhibitor (miNC inhibitor), siHGF and siRNA control (siNC) were synthesized by Bioneer (Korea). All miRs, inhibitors and siRNAs were diluted in OptiMEM I Medium (Gibco, Los Angeles, CA, USA) and transiently transfected into cells at a final concentrations of 20 and 40 nM using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA).
Study subjects. Forty-one breast cancer tissues were obtained from patients who underwent surgery between 2013 and 2014 at the National Cancer Center (NCC) in Korea. All patients provided written informed Figure 5 . HGF regulates target genes of miR-7. The expression of selected target genes for miR-7 was examined after treatment of the MCF-10A cells with HGF protein (A) and siRNA (B) to induce upregulation or downregulation of HGF, respectively. Twenty-four hours after treatment, the expression level of target genes was measured by qPCR. All the target genes were downregulated by HGF but upregulated by siRNA against HGF, except for SET8. All experiments were performed in triplicates and indicated as mean ± SE. *P < 0.05; **P < 0.001. consent to donate removed tissue to NCC, and samples were obtained according to protocols approved by the Research Ethics Board of NCC.
RNA extraction and real-time qPCR. Total RNA was harvested from miR-or siRNA-transfected cells and breast tissues using the ZR-Duet DNA/RNA MiniPrep kit (Zymo research, Irvine, CA, USA) according to the manufacturer's recommendations. In order to quantify the levels of mature miR-7, the extracted RNA was reverse transcribed to cDNA using the miScript II RT Kit (Qiagen, Valencia, CA, USA). Afterwards, quantitative RT-PCR (qPCR) was performed with the miScript SYBR Green PCR Kit (Qiagen) and miScript Primer Assays as the primers. For the quantification of protein coding gene's expression level, reverse transcription was carried out with ReverTra Ace qPCR RT Master Mix with gDNA remover (Toyobo, Japan) and PCR was performed with Kapa SYBR Fast qPCR Kit Master Mix ABI Prism (Kapa Biosystems, Inc., Wilmington, MA, USA). The reactions were assayed in triplicate on an ABI 7300 instrument (Applied Biosystems, Foster City, CA, USA). The expression of miR-7 and protein coding genes was normalized using endogenous U6 and GAPDH with the 2 −ΔΔCt calculation, respectively. The primers used for amplification of miRs and coding genes are listed in Supplementary Table S2. HGF treatment. 3 × 10 3 MCF-10A cells in culture media were seeded in each well of a 96-well plate, and were treated with HGF dissolved in PBS to a final concentrations of 20 and 40 ng/ml. As a control, PBS was used to a final concentration of 5%. The cells were cultured for 24 hours and total RNA was isolated for the expression analysis of miR-7 and coding genes. To verify the cell activation by HGF, the cell growth rate was measured using Cell Counting Kit-8 (Dojindo, Japan) at 450 and 600 nm 2 h after incubation with 10 μl of CCK-8 reagent to a well. The absorption value at 450 nm was subtracted from the value at 600 nm for turbidity removal.
Expression microarrays and pathway analysis. One microgram of total RNA from miR-7-or miNC-transfected MCF-10A cells was used for the expression microarray of Illumina Human HT-12 v4 Expression BeadChip (Illumina, San Diego, CA). Among 47000 probes on the chip, probes with detection P-value < 0.05 and |fold change| ≥ 2 were screened as significantly deregulated genes. Relevant networks and canonical pathways were generated using the Ingenuity Pathway Analysis (IPA) (Qiagen). The KEGG pathway enrichment analysis was performed by the KEGG Orthology Based Annotation System (KOBAS) 55 . The expression microarray data were deposited into the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/ geo/) with the series accession number GSE102758. The mining of upstream regulators of miR-7 was carried out on the IPA platform which analyzed commonly regulated genes by HGF and miR-7.
Statistical analysis. Gene expression data were represented as the mean ± standard error of three independent experiments and analyzed by Student's t-test using SPSS for Windows, version 17.0 (SPSS, Chicago, IL, USA). Differences were considered statistically significant when the P-value is lower than 0.05. Linear regression was conducted to calculate the coefficient of determination (R 2 ) and the statistical significance of the correlation between miR-7 and HGF expression.
